ABSTRACT Formamidines are unique insecticides and acaricides that elicit multiple effects in controlling insects. Here, we tested two formamidines, amitraz, and chlordimeform, for their synergistic actions on type II pyrethroids and neonicotinoids to increase their larvicidal actions on the fourth instars of Aedes aegypti L. An organophosphate insecticide was used as a negative control. After 24 h, the synergism of formamidines was highest on imidacloprid, followed by two type II pyrethroids, deltamethrin and fenvalerate. After 48 h, the synergism of formamidines on imidacloprid decreased, remained unchanged on type II pyrethroids, and increased noticeably on two of the newer type neonicotinoids, dinotefuran and thiamethoxam. By 72 h, synergism of formamidines on dinotefuran reached the maximum, while that on imidacloprid was at a minimum. Both formamidines did not show synergistic effects on permethrin or fenitrothion. In all cases, the synergistic effects of amitraz on the two major classes of larvicides were greater than for chlordimeform. These results indicate that amitraz is a promising synergist that shows the potential to increase the efÞcacy of certain members of type II pyrethroids as well as neonicotinoids to control Ae. aegypti larvae.
Insecticide resistance poses a severe threat to our efforts to control the insect vectors of many human and animal diseases (Scott 1990 , Hemingway et al. 2002 . Pyrethroids are highly potent insecticides that have been used extensively over the last three decades to control a wide range of pests. In general, they act mainly on the insect nervous system by modifying the normal operation of voltage-gated sodium channels, which results in uncontrolled discharges of action potentials that quickly induce exhaustion, paralysis, and eventual death of the affected insects (Soderlund and Bloomquist 1989, Narahashi 1992) . Their extensive use, however, has led to the emergence of widespread resistance, particularly through the kdr type mechanism, which was initially identiÞed by Miyazaki et al. (1996) in German cockroaches and houseßies and by Williamson et al. (1996) in houseßies, and subsequently found in many other insect species. The problem of this type of resistances is that, because this mechanism is effective against many pyrethroid insecticides, once it is established in the given population, it becomes a serious obstacle to the continued and effective uses of many pyrethroids. Thus, it is very important to formulate effective countermeasure strategies to avoid the development of pyrethroids resistance particularly among major pest insects of great health concern. One of the successful integrated pest management (IPM) approaches in this regard is the use of combinations of pesticides with very different modes of action (Bernard and Philogè ne 1993) .
Formamidines are unique type of pesticides that control insect and acarine pest species through a distinct biochemical mechanism that is different from any of the other major classes of insecticides that are heavily used today. Although formamidines have many possible mechanisms of action include inducing behavioral changes (Knowles 1982) , blockage of neuromuscular transmission at the neuromuscular junction (Beeman and Matsumura 1978) , and inhibition of monoamine oxidase activity (Aziz and Knowles 1973) , it is now generally accepted that their interactions with the octopamine receptor constitute their main action mechanism (Hollingworth 1976 ). Chang and Plapp (1983) were the Þrst scientists to suggest that chlordimeform might be useful as a synergist of DDT and cis-permethrin in the control of tobacco budworm, Heliothis virescens (F.). Indeed chlordimeform was found by Campanhola and Plapp (1989a) to synergize all pyrethroids they tested against the Þrst and third instars of tobacco budworms, although in some cases, synergism was greater in susceptible than in resistant tobacco budworms (Campanhola and Plapp 1989b) .
Amitraz is another formamidine that has been shown to synergize the insecticidal actions of pyrethroids, which was subsequently reported in house ßies by Liu and Plapp (1990) . Usmani and Knowles (2001) found that amitraz effectively synergized the toxic actions of a number of pyrethroids on several lepidopterous pests against major agricultural crops. Furthermore, addition of amitraz to permethrin against pyrethroid-and amitraz-resistant Boophilus microplus (Canestrini) ticks on cattle dramatically increased larval mortality, even at very low concentrations of permethrin (Li et al. 2007) . Despite those studies on synergistic actions of formamidines on other insecticides in many species of insects, the synergistic actions of this type of formamidines on major insecticides against mosquito species have not been studied.
Neonicotinoids are a relatively new group of powerful insecticides with agonistic action on the nicotinic acetylcholine receptor (nAChRs) of insects (Yamamoto et al. 1998 , NЈguessan et al. 2008 . Importantly, all neonicotinoids have a unique mode of action as compared with other classes of insecticides including all pyrethroids. While the original neonicotinoids were not particularly suited for controlling adult mosquitoes, some of the second generation neonicotinoids appear to effectively control even nonsucking insect pests (e.g., thiamethoxam; MaienÞsch et al. 2001) . Furthermore, Corbel et al. (2004) found that dinotefuran, another second generation neonicotinoid, causes high mortality when directly applied to larvae and adults of Anopheles gambiae Giles. Thus, there is good possibility that the use of neonicotinoids in mosquito control will increase in the future. Here, we studied synergistic actions of amitraz and chlodimeform on the insecticidal activity of select pyrethroids and neonicotinoids against the fourth instars of Ae. aegypti L. to assess the possibility of reducing the heavy reliance on those insecticides, especially pyrethroids, as the main agents to control vector mosquitoes.
Materials and Methods
Mosquitoes. The ROCK (insecticide-susceptible) strain of Ae. aegypti was obtained from the laboratory of Dr. Thomas W. Scott, University of California Davis, and was used for all experiments. The rearing regime was described by Paul et al. (2006) with some minor modiÞcation. Brießy, the eggs were hatched by placing a piece of dried paper towel loaded with previously deposited eggs in a ßask Þlled with 750 ml of distilled water that had been held under vacuum for 45 min. The vacuum was then released and 50 mg of larval diet (dog food powder) was added to the water. The hatched larvae were held overnight in the same ßask, and then 200 larvae were transferred to each 600-ml beaker containing 400 ml of distilled water. Larval diet was added to each beaker according to the following regime: day 1, 75 mg; day 3, 38 mg; day 4, 75 mg; day 5, 113 mg; and day 6, 150 mg. Adult mosquitoes were reared in an environmental chamber with a temperature ranging from 22 to 30ЊC, 80% relative humidity (RH), and a photoperiod of 14:10 (L:D) h. Adults were held in a 60 ϫ 60 ϫ 60-cm screened cage and provided 10% sucrose ad libitum. Human blood was provided to adults twice a week. Eggs were collected on paper towels lining the rim of water containers. The papers with eggs were air dried at 27ЊC and 80% humidity for 24 h and stored in containers with 100% humidity for 3Ð30 d.
Chemicals. Chlordimeform (99.5%), amitraz (99.4%), fenitrothion (98.6%), permethrin (technical, 47.6% cis-50.4% trans-), deltamethrin (99%), fenvalerate (96% mix of isomers), dinotefuran (99.5%), imidacloprid (99.5%), clothianidin (98%), acetamiprid (99.5%), thiacloprid (99.5%), and thiamethoxam (99.5%) were obtained from Chem Service (West Chester, PA).
Synergistic Action Tests. The synergistic action test was conducted on 20 fourth instars placed in each glass cup containing 100 ml of distilled water. Each test was conducted in three replicates per each concentration (n ϭ 60). Each container with 20 larvae was treated with 1 ml of acetone containing pesticides to give varying concentrations of technical grade of pyrethroids, neonicotinoids, one organophosphate, and formamidines. Controls received only acetone, and were run concurrently with each series of tests. Each series of synergistic action tests was carried out by testing the lethal actions of varying concentrations of a test insecticide alone, or the test insecticide coadministered with 10 g/ml of either amitraz or chlordimeform, both dissolved in 1 ml of acetone. After the addition of the insecticides, the test solution was stirred brießy to ensure uniform mixture. At least Þve concentrations were used for each bioassay. Every bioassay was held at 25ЊC (Ϸ60% RH) Percentage mortality was recorded after 24, 48, and 72 h. Larvae were considered dead if they were unresponsive to touching with a probe or if they could not reach the surface of the water.
Statistical Analysis. Bioassay data were pooled and analyzed (LD 50 and 95% CL values) by using PASW statistics 18 program (SPSS Inc., Chicago, IL). A synergistic action was determined to be signiÞcant (P Յ 0.05) when the 95% CIs for the LC 50 values for larvae exposed to insecticide alone did not overlap with those for larvae exposed to insecticide ϩ formamidine mixtures Synergistic ratio (SR) was calculated by dividing the LC 50 value of the test insecticide by that of the LC 50 obtained by the combined treatment with insecticide ϩ formamidines.
Results
Toxicities of amitraz and chlordimeform on fourth instars of Ae aegypti after 24, 48, and 72 h are shown in Table 1 . Chlordimeform was 3.8 times more toxic than amitraz at 24 h. Although chlordimeform shows a modest time-dependent increase in mortality, that of amitraz was very minor. In all cases, these formamidines at 10 g/ml did not cause mortality during the 72-h test period.
The results of 24-h mortality tests on select insecticides with or without amitraz or chlordimeform and their levels of synergism are presented in Table 2 . Formamidines synergized the two most toxic pyrethroids tested, deltamethrin (by both) and fenvalerate (amitraz only). Neonicotinoids were generally less toxic than pyrethroids, but among them formamidines synergized imidacloprid (by amitraz and chlordimeform), thiacloprid (amitraz only), and clothianidin (amitraz only). of the neonicotinoids synergized by formamidines are not necessarily most toxic ones.
Most of the LC 50 values decreased after 48 h when compared with the 24 h data (cf . Tables 2 and 3 ). This trend was particularly noticeable among neonicotinoids (e.g., imidacloprid). Some neonicotinoids such as dinotefuran and thiamethoxam were not synergized by formamidines at 24 h but signiÞcant synergism was evident at 48 h.
The LC 50 values of some neonicotinoids, such as imidacloprid, thiacloprid, and clothianidin, continued to decrease at 72 h, but not for the most toxic ones such as dinotefuran and thiamethoxam (Table 4 ). The timedependent decreases in LC 50 -values of pyrethroids such as deltamethrin and fenvalerate were less drastic than those found in neonicotinoids. However, the LC 50 value of permethrin did not change signiÞcantly during this period. Figure 1 shows the time-dependent changes in the SR of LC 50 as affected by amitraz (Fig.   1a ) and chlordimeform (Fig. 1b) . The most noticeable trends were 1) the most clear-cut time-dependent decrease in SR was observed on imidacloprid; 2) there were noticeable time-dependent rises in SR on dinotefuran and to a lesser extent thiamethoxam; 3) relatively consistent levels of SR were found on type II pyrethroids; 4) formamidines did not synergize permethrin and fenitrothion; 5) synergism was more pronounced when insecticides were co-treated with amitraz rather than with chlordimeform.
Discussion
The formamidines are unique pesticides in terms of their broad range of biological activities against insect and acarine pests as well as in their mode of action (affecting the octopamine receptor; Hollingworth, 1976) . However, it must be stressed that until now practically nothing has been known about their interaction with pyrethroid and neonicotinoid insecticides in mosquitoes.
The synergism provided by amitraz is greater than chlordimeform with both classes of insecticides. This trend was more apparent after 72 h. Given that the lethal potency of chlodimeform is signiÞcantly higher than that of amitraz (Table 1) , it is reasonable to suggest that the synergistic properties of these two formamidines are not directly related to their lethal action on Ae. aegypti larvae. However, the compound (insecticide)-speciÞc patterns of changes in SR of these two formamidines were very similar. The timedependent rises of SR for dinotefuran and thiamethoxam as opposed to the rapid decline observed for imidacloprid, support the notion that the main synergistic action mechanism of both formamidines may be similar. A most notable Þnding from this study was that formamidines did not uniformly synergize lethal actions of all insecticides against the fourth instars of Ae. aegypti. For instance, unlike combinations with other insecticides, both formamidines did not synergize the toxic effects of thiacloprid against mosquito. Similarly they did not show any synergistic action for permethrin in contrast to any other pyrethroids. Additionally, both formamidines did not exhibit a synergism with fenitrothion that belongs to a different group of insecticides than the others tested. These Þndings support the notion that the basic mechanisms through which formamidines provide synergistic actions to other insecticides do not likely include general synergistic processes that are applicable to most pesticides, such as increasing insecticides penetration or uptake, inactivation of broad-spectrum detoxiÞcation enzymes, and/or generic sensitization of the nervous system.
In this regard there are clear indications that the synergistic action of formamidines is not generic, rather is quite speciÞc to each insecticide even within the same class of insecticides. For instance, among neonicotinoids the insecticidal action of imidacloprid was signiÞcantly synergized by formamidines only at 24 h. In contrast, formamidines did not confer any synergistic action on dinotefuran at 24 h, but the SR values kept increasing subsequently so that by 72 h both amitraz and chlordimeform showed signiÞcant synergism against dinotefuran that was comparable or even better than that against deltamethrin. In the case of pyrethroids, synergistic actions of formamidines, as judged by the SR values on deltamethrin as well as fenvalerate, were consistent throughout the entire test period. However, formamidines failed to synergize the action of permethrin at all time points. Dinotefuran and thiamethoxam, increased their synergistic effectiveness at later time points, in contrast to other neonicotinoids. It has been reported that, compared with other neonicotinoids, dinotefuran is very persistent in the environment and is effective as a contact insecticide against the adult male cockroach Periplaneta americana (L.) (Kiriyama and Nishimura 2002) . Dinotefuran is also an effective insecticide on pyrethroid-resistant mosquitoes, including Ae aegypti (Corbel et al. 2004 ). The usefulness of this new type of neonicotinoid for mosquito control in the future is indicated by our Þnding that formamidines confer long-lasting synergisms as well as reduce the heavily reliance on type II pyrethroids.
In conclusion, we demonstrated that formamidine pesticides signiÞcantly synergize the lethal action of some of the test insecticides toward the fourth instars of Ae aegypti. The pattern of synergistic actions of formamidine shows, however, that their actions are quite compound-speciÞc, indicating that there might be a speciÞc mode of synergistic action of formamidines through which they make only certain type of insecticides more effective. In view of the effectiveness of formamidines in selectively reducing the amount of key insecticides required to control Ae. aegypti larvae, the efforts to understand the molecular basis of their synergistic action should be continued in the future.
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